The most common form of dietary vitamin D supplemented in livestock diets is cholecalciferol (vi- 
both vitamin D 3 and 25(OH)D 3 were added in diets at 2,000 IU of vitamin D (Lauridsen et al., 2010) . This is because the vitamin D binding protein (chaperone protein for vitamin D metabolites in circulation) has a higher affinity for 25(OH)D 3 compared with vitamin D 3 (Bouillon et al., 1980) .
Research examining the role of vitamin D in skeletal muscle development concluded that vitamin D is involved in myogenic signaling pathways, and the in utero alterations were evident in postnatal skeletal muscle growth (Endo et al., 2003) . A study in gestating gilts concluded that when adding either 2,500 IU of vitamin D 3 or 500 IU of vitamin D 3 and 50 µg of 25(OH)D 3 in the diet (both treatments having similar IU equivalency), maternal and fetal serum 25(OH)D 3 were increased with added dietary 25(OH)D 3 (Coffey et al., 2012) . Additionally, the authors concluded that reproductive performance of gilts was improved with 25(OH)D 3 supplementation. Interestingly, Hines et al. (2013) found alterations in fetal muscle characteristics in fetuses from gilts fed 25(OH) D 3 when compared with fetuses from gilts fed vitamin D 3 . If these changes in fetal muscle development lead to improvements in postnatal performance, they will increase profitability of swine producers.
Therefore, the objectives were 1) to determine a feeding level of vitamin D 3 that would result in a serum 25(OH)D 3 response similar to that observed from feeding 50 µg/kg of 25(OH)D 3 in gestating sows and 2) to evaluate the effects of vitamin D 3 (above the basal requirement level) or the supplementation with 50 µg/kg of 25(OH)D 3 on sow performance, serum vitamin metabolites, subsequent pig performance, and neonatal muscle and bone characteristics.
MAtErIAlS And MEtHodS

General Description
The Kansas State University Institutional Animal Care and Use Committee approved the protocol used in this experiment. These experiments were conducted at the K-State Swine Teaching and Research Facility in Manhattan, KS, and were conducted from January through December of 2014. Both the gestation and farrowing barns were totally enclosed, environmentally controlled, and mechanically ventilated buildings. In gestation, sows were housed in gestation stalls (2.1 × 0.6 m). The farrowing barn contained 29 farrowing crates (2.1 × 0.6 m for the sow and 2.1 × 1.0 m for the pigs) that were each equipped with a single feeder and nipple waterer. Temperature in the farrowing house was maintained at a minimum of 21°C, and supplemental heat was provided to piglets with heat lamps. Gestation and lactation sow diets were prepared at the Kansas State University O. H. Kruse Feed Mill (Manhattan, KS) . All diets were formulated to meet or exceed nutrient requirement estimates (NRC, 2012) .
Animals, Diets, and Treatment Design
In Exp. 1, a total of 56 sows (PIC 1050) from 2 consecutive breeding groups were used in a 30-d study to determine the serum 25(OH)D 3 response to varying concentrations of dietary vitamin D 3 . The study began 35 d postinsemination and after sows were confirmed pregnant. At initiation, the sows were randomly allotted to 1 of 7 dietary treatments receiving 200, 800, 1,600, 3,200, 6,400, 12,800, or 25 ,600 IU vitamin D 3 /kg of complete diet. There were 8 sows per treatment. The gestation diets were common corn-soybean meal-based diets formulated to contain 0.56% standardized ileal digestible (SId) Lys and 0.82% Ca (Table 1 ). All sows were fed once daily (at 0800 h) and received 2.5 kg of feed. Prior to receiving their daily meal, sows were bled on d 0 and 30 of the trial via jugular venipuncture to collect serum for 25(OH)D 3 analysis. Results from this study were then used to develop a prediction equation to determine the dietary vitamin D 3 concentration needed to achieve a serum 25(OH)D 3 response in gestating sows similar to levels previously reported in the literature (Weber et al., 2014) for females fed 50 µg of 25(OH)D 3 /kg of complete diet as their sole source of vitamin D.
In Exp. 2, a total of 112 sows (PIC 1050) from 4 consecutive farrowing groups and their litters were used in the study. Following breeding, sows were randomly assigned to 1 of 4 dietary vitamin D treatments receiving 800 IU, 2,000 IU, or 9,600 IU of vitamin D 3 /kg of complete diet or 50 µg of 25(OH)D 3 /kg of complete diet. The treatment of 800 IU of vitamin D 3 / kg was selected since it represents the basal requirement of the sow (NRC, 2012) . The treatment of 2,000 IU of vitamin D 3 /kg was used to directly compare to feeding 50 µg of 25(OH)D 3 , representing the same IU equivalency. The treatment of 9,600 vitamin D 3 /kg was determined following the results found in Exp. 1 and was predicted to provide mean serum 25(OH)D 3 values that would be similar to the treatment fed 50 µg of 25(OH)D 3 /kg. There were 28 sows per treatment and 6 to 8 replications per farrowing group. During d 0 through 110 of gestation, sows were fed once daily at 0800 h and received 2.5 kg/d of the gestation diets. On d 110, sows were moved to the farrowing house and were housed in farrowing stalls. After farrowing, sows were fed lactation diets. Gestation and lactation diets were formulated to contain 0.56% and 1.07% SID Lys, respectively. Farrowing crate feeders were equipped with an electronic feeding system (Gestal Solo; JYGA Technologies, Quebec, Canada) that used a built-in feeding curve based on parity to feed individual sows. The feeding curves were monitored and adjusted daily for individual sows to allow for ad libitum feed intake while reducing feed wastage. Lactation feed intake was confirmed by measuring feed disappearance on d 7, 14, and 21 (weaning). Sow BW was measured at breeding, d 110 of gestation, within 24 h of farrowing, and at weaning to determine gestation BW gain and lactation weight loss. Back fat measurements were collected when sows arrived in the farrowing house and at weaning to determine back fat loss. Sows were bled on d 0 and 100 of gestation, within 24 h after farrowing, and at weaning (d 21) to determine serum 25(OH)D 3 , vitamin D 3 , vitamin A (retinol), and vitamin E (α-tocopherol).
Within 24 h of parturition, all piglets were weighed and ear notched for identification. The male pig closest to the average BW of the litter was euthanized to collect bone and muscle samples for neonatal bone ash content and neonatal muscle immunohistochemistry measurements. The male and female piglets next closest to the average BW of the litter were bled via jugular venipuncture within 24 h of birth and again at weaning to determine preweaned piglet serum 25(OH)D 3 , vitamin D 3 , vitamin A (retinol), and vitamin E (α-tocopherol). Mummified and stillborn pigs were recorded to calculate total born. Although minimal, cross-fostering was conducted within vitamin D dietary treatments within 48 h after farrowing to help standardize litter size. Pigs were weighed after fostering to measure fostered litter weight. At weaning, piglet weights and piglet counts were recorded to determine individual and litter weight gains, along with survivability.
Feed Preparation and Vitamin D Analysis
To achieve the dietary vitamin D 3 concentrations, a premix was made containing a vitamin D 3 supplement (Rovimix D 3 , 500,000 IU/g; DSM Nutritional Products North America). This supplement was mixed into a rice hull carrier to form the premix and was added to the control diet by replacing corn. The vitamin D premix was the only source of added vitamin D within the diets, as other vitamin premixes did not contain vitamin D. For diets formulated to contain 50 µg 25(OH)D 3 /kg, 370 g of 25(OH)D 3 (Hy-D, DSM Nutritional Products North America; 125 µg/g of product) were added per ton of the diet to reach desired finished feed concentrations. Complete diet samples from Exp. 1 and 2 were analyzed for vitamin D 3 and 25(OH)D 3 concentrations by DSM Nutritional Products North America using a combination HPLC and mass spectrometry analytical technique (Schadt et al., 2012) . Serum 25-Hydroxycholecalciferol, Vitamin D 3 , α-Tocopherol, and Retinol
All blood samples were collected via jugular venipuncture using 25-mm 20-gauge needles and 10-mL blood collection tubes containing a gel separator. Six hours after collection, blood was centrifuged (1,600 × g for 25 min at 2°C), and serum was harvested and stored at −20°C until analysis. All serum 25(OH)D 3 testing for Exp. 1 was performed by Heartland Assays Inc. (Ames, IA) using a previously described RIA (Hollis et al., 1993) . All vitamin metabolite testing (25(OH)D 3 , vitamin D 3 , α-tocopherol, and retinol) from Exp. 2 was conducted by DSM Nutritional Product's laboratory (Kaiseraugst, Switzerland). The analyses were performed using a liquid chromatography/electrospray ionization tandem mass spectrometry technique with multiple reaction monitoring similar to the methods described by Priego Capote et al. (2007) . The lowest detectable limit was 5.00 ng/mL for 25(OH)D 3 , 1.00 ng/mL for vitamin D 3 , 250 ng/mL for α-tocopherol, and 25 ng/mL for retinol. Some samples were below the detectable limit for serum vitamin D 3 concentration; therefore, the percentage of animals with serum concentrations above the detectable limit is reported herein along with the mean concentration of serum vitamin D 3 associated with those animals.
Necropsies, Bone and Tissue Sampling, and Bone Ash Procedure
Necropsies were performed on site and in compliance with the university's standard operating procedures. Pigs were euthanized using CO 2 gas administered via a Euthanex AgPro system (Nutriquest, Mason City, IA). Right femurs and second ribs were collected to determine percentage bone ash, and whole-muscle cross sections of the longissimus thoracis (2-cm section over the fifth and sixth ribs caudal to the trapezius) and the semitendinosus (2-cm section medial to the insertion and origin) were collected for immunohistochemistry. Bones were boiled for 60 min, and adhering tissue was removed. Then the bones were dried at 100°C for 7 d. After drying, the bones were ashed in a muffle furnace at 600°C for 24 h.
Immunohistochemistry
After dissecting the whole-muscle cross sections, the cross sections were blotted using blotting paper to measure whole-muscle cross-sectional area. Then the cross sections were embedded in optimal cutting temperature tissue-embedding media (Fisher Scientific, Pittsburgh, PA), frozen by submersion in supercooled isopentane, and stored at −80°C until analysis. For each muscle sample, two 10-μm cryosections were collected on positively charged slides (MidSci), and muscle fibers were immunostained with antibodies validated by Town et al. (2004) for the detection of primary and secondary muscle fibers and merged with the methods of Paulk et al. (2014) to simultaneously identify muscle fiber cross-sectional area. Briefly, nonspecific antigen-binding sites were inhibited by incubating cryosections in 5% horse serum and 0.2% TritonX-100 (Fisher Scientific) in PBS for 30 min. All sections were incubated with the following primary antibodies in blocking solution for 60 min: 1:500 α-dystrophin (Thermos Scientific, Waltham, MA), 1:10 supernatant myosin heavy-chain, slow IgG2b (BA-D5, Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA), and 1:10 supernatant myosin heavy-chain type 2A, IgG1 (SC-71, Developmental Studies Hybridoma Bank). After incubation, sections were washed with PBS 3 times for 5 min, followed by incubation in the following secondary antibodies (1:1,000) in blocking solution for 30 min: Alexa-Fluor 488 goat anti-mouse IgG1 for SC-71 (Invitrogen, San Diego, CA), Alexa-Fluor 633 goat anti-mouse IgG2b for BA-D5 (Invitrogen), and Alexa-Fluor 594 goat anti-rabbit H&L for α-dystrophin (Invitrogen). In addition, 1:1,000 Hoechst Dye 33342 (Invitrogen) was utilized to identify all fiber-associated nuclei. Finally, sections were washed for three 5-min periods in PBS and then covered with 5 μL of 9:1 glycerol in PBS and cover slipped for imaging.
Cryosections were imaged using a Nikon Eclipse T1-U inverted microscope with 20× working distance magnification (Nikon Instruments Inc., Melville, NY). Four representative photomicrographs per section were captured using a Nikon DS-QiMc digital camera (Nikon Instruments Inc.) calibrated to the 20 × objective. For myosin heavy-chain fiber-type data collection, a minimum of 2 photomicrographs per section (minimum of 500 fibers per animal) were analyzed for isoform distribution with NIS-Elements Imaging Software (Basic Research, 3.3; Nikon Instruments Inc.) . Fibers that were positively stained for the BA-D5 antibody were counted as primary muscle fibers, and the fibers that were positively stained for SC-71 were labeled as secondary fibers. Total muscle fiber number was calculated by dividing the whole muscle cross-sectional area by the average cross-sectional area of all muscle fibers. To calculate the total number of primary muscle fibers per muscle section, the percentage of primary muscle fibers was multiplied by the total number of muscle fibers. Similarly, the total number of secondary muscle fibers was calculated by multiplying the percentage of secondary fibers by the total number of muscle fibers.
Statistical Analysis
All data were analyzed as a generalized randomized complete block design using the GLIMMIX procedure of SAS (SAS Inst. Inc., Cary, NC). For Exp. 1, a mixed effect model was used to regress the sow serum 25(OH) D 3 concentrations against dietary vitamin D 3 concentrations per day. In the model, sow group was used as a random effect, and dietary treatment was used as the predictor variable. Fit of prediction models was evaluated by using the Bayesian information criterion (BIc). A model with a reduced BIC value of 2 or greater was considered an improved model (Kass and Raftery, 1995) . Residuals during the model development process were evaluated to distinguish any potential biases in the prediction equations. Maternal performance data were analyzed with sow as the experimental unit, maternal treatment as a fixed effect, and farrowing group as a random effect. Responses not normally distributed were analyzed with a negative binomial distribution (total born and number after cross fostering), a binomial distribution (stillborns, mummies, and number born alive), or a β distribution (bone ash). Preplanned comparisons consisted of 1) linear and quadratic polynomials for increasing vitamin D 3 (Exp. 1 and 2), 2) 800 IU vitamin D 3 vs. 50 µg 25(OH)D 3 (Exp. 2), 3) 2,000 IU vitamin D 3 vs. 50 µg 25(OH)D 3 (Exp. 2), and 4) 9,600 IU vitamin D 3 vs. 50 µg 25(OH)D 3 (Exp. 2). The IML procedure of SAS was used to generate unequally spaced linear and quadratic contrast coefficients for dietary vitamin D 3 treatments in Exp. 1 and 2. Additionally, the repeated measures analysis was performed on serum vitamin metabolite responses, and day of collection was included as a fixed effect to determine serum changes to dietary treatments over time. Results were considered significant at P ≤ 0.05 and a tendency at P ≤ 0.10.
rESultS And dIScuSSIon
Supplementation of dietary vitamin D is required for swine reared in environmentally controlled production facilities because of the lack of exposure to direct sunlight needed for the endogenous conversion of 7-dehydrocholesterol to vitamin D 3 in the skin. Previously documented cases of vitamin D being absent from premixes fed to pigs (Feedstuffs, 2010 ) has led to a resurgence of interest in the animal's requirement for vitamin D to safeguard from potential deficiency. Additionally, recent genomic data, which have shown the presence of the vitamin D receptor in many soft tissues not associated with normal Ca and P homeostasis (Norman and Bouillon, 2010) , have led to increased efforts to understand vitamin D's role in other normal bodily processes. The aim of the current study was to evaluate maternal vitamin D supplementation as either vitamin D 3 (at varying levels) or 25(OH)D 3 on sow and subsequent pig response criteria.
Experiment 1
Although there is no published accepted standard for vitamin D recovery in animal feeds, analysis showed diets were within 25% of their formulated targets (Table 2) . which would be consistent with the acceptable analytical variation and recovery of other vitamins previously discussed by the Association of American Feed Control Officials (AAFco, 2015) .
Gestating sows fed increasing vitamin D 3 had increased (quadratic, P = 0.001; Table 3) (Weber et al., 2014) in gestation concluded that the range of serum 25(OH) D 3 response appeared to be between 50 and 90 ng/mL depending on time of sampling (gestation or lactation) and parity of the female. This range was supported by Lauridsen et al. (2010) 
Experiment 2
Proximate analysis of gestation and lactation diets fed in Exp. 2 (Table 4) showed CP and P concentrations similar to formulated levels. Analyzed Ca concentrations were more variable, but all values were above the requirements of the sow. Analysis showed diets were within 10% of their formulated targets, which is within the acceptable analytical variation and recovery of other vitamins (AAFCO, 2015) .
Sow Performance and Litter Characteristics
Vitamin D treatment did not affect gestation BW gain (Table 5 ). Increasing vitamin D 3 increased (quadratic, P = 0.011) lactation ADFI and decreased (quadratic, P = 0.003) BW loss during lactation. This was because sows fed diets with 2,000 IU of vitamin D 3 /kg had greater lactation ADFI compared with sows fed diets with 800 or 9,600 IU of vitamin D 3 /kg. Also, sows consuming diets with 9,600 IU vitamin D 3 /kg tended (P = 0.088) to have lower lactation feed intake compared with sows fed diets with 50 µg/kg of 25(OH) D 3 . Total daily vitamin D intake during lactation was approximately 4,300, 11,800, and 50,600 IU/d for sows fed diets containing 800, 2,000, and 9,600 IU of vitamin D 3 /kg, respectively, and approximately 11,300 IU/d for sows fed diets containing 50 µg/kg IU of 25(OH)D 3 / kg. The current study observed no impact of vitamin D treatment on litter characteristics or piglet BW at birth or weaning. The results herein suggest little to no influence of maternal vitamin D treatment above basal requirement on sow performance. Flohr et al. (2014) also concluded that varying vitamin D 3 supplementation rates (1,500 to 6,000 IU/kg of diet) had no influence on sow performance or litter characteristics. However, Lauridsen et al. (2010) observed reductions in stillborns from sows fed 1,400 or 2,000 IU of vitamin D/kg of diet compared with sows fed 200 or 800 IU of vitamin D/kg of diet. Weber et al. (2014) observed increases in the birth and weaning weight of pigs from sows fed 50 µg/kg of 25(OH)D 3 compared with pigs from sows fed 2,000 IU of vitamin D 3 . They hypothesized that this was the result of improvements in the intrauterine development of the embryos. Coffey et al. (2012) observed an increase in the number of developed fetuses in the reproductive tracts of first-service gilts when supplemented with 25(OH)D 3 rather than vitamin D 3 at the same IU equivalency. Although some significant differences have been observed with different vitamin D supplementation strategies, the lack of consistency in measured responses across studies makes it difficult to determine whether vitamin D supplementation (above basal NRC, 2012, requirement) truly impacts maternal performance. Ultimately, commercial-scale studies with large sample sizes will be needed to increase sensitivity 1 A total of 112 sows and litters were used to determine the effects of supplemental vitamin D from varying levels of vitamin D 3 or from synthetic 25(OH) D 3 on maternal performance, subsequent pig performance, sow and piglet serum vitamin metabolites, neonatal bone mineralization, and piglet muscle development. Three sows (1 from the 800 IU/kg treatment and 2 from the 9,600 IU/kg treatment) were removed because of farrowing complications. One sow from the treatment fed 9,600 IU/kg was removed from the data set due to a late-term abortion. 1 In total 112 sows and litters were used to determine the effects of supplemental vitamin D from varying levels of vitamin D 3 or from synthetic 25(OH) D 3 on maternal performance, subsequent pig performance, sow and piglet serum vitamin metabolites, neonatal bone mineralization, and piglet muscle development. Means represent the average serum metabolite from 12 randomly selected sows within treatment and day combinations.
2 Standard error of the mean representing the within-sampling day variation. Because the same number of treatments was analyzed for each day, the variance estimates were the same.
3 A treatment × day interaction (P = 0.001) was observed for serum 25(OH)D 3. 4 The assay for serum vitamin D 3 had a lower detectable limit of 1.00 ng/mL. Samples below the detectable limit (n = 144 out of 192) were not used in the statistical analysis. Detectable samples represent the percentage of samples above the detectable limit, and the mean serum vitamin D 3 was calculated using only samples above the detectable limit.
5 A tendency (P = 0.052) for a treatment × day interaction was observed for serum α-tocopherol. 6 A treatment × day interaction (P = 0.035) was observed for serum retinol. (Clinton, 2013) . Lipoprotein lipases in adipose tissue can interact with circulating chylomicrons to store a portion of their lipids and, consequently, the vitamin D 3 transported within them. This suggests that a portion of the vitamin D 3 that is absorbed may be stored in adipose tissue rather than being transported to the liver for hydroxylation. The serum 25(OH) D 3 concentrations achieved in gestation from supplementing 25(OH)D 3 were less than those in the reports of previous researchers (Lauridsen et al., 2010; Coffey et al., 2012; Weber et al., 2014) ; this may be due to the time of sampling and duration of feeding, which Weber et al. (2014) 1 In total 112 sows and litters were used to determine the effects of supplemental vitamin D from varying levels of vitamin D 3 or from synthetic 25(OH) D 3 on maternal performance, subsequent pig performance, sow and piglet serum vitamin metabolites, neonatal bone mineralization, and piglet muscle development. Means represent the average serum metabolite from 48 randomly selected litters (2 pigs per litter were bled for serum analysis) within treatments, and the same litters within each day were analyzed. One pig per litter (n = 104) was euthanized for bone ash percentage determination.
3 A treatment × day interaction (P = 0.001) was observed for serum 25(OH)D 3 .
4 The assay for serum vitamin D 3 had a lower detectable limit of 1.00 ng/mL. Samples below the detectable limit (n = 144 out of 192) were not used in the statistical analysis. Detectable sample represents the percentage of samples above the detectable limit, and the mean serum vitamin D 3 was calculated using only samples above the detectable limit.
5 A tendency (P = 0.065) for a treatment × day interaction was observed for serum retinol. concentrations above the detectable limit on d 0 or 100 of gestation or at farrowing. However, at weaning, greater percentages of sows fed vitamin D 3 (P < 0.001) had serum vitamin D 3 concentrations above the detectable limit. Increasing vitamin D 3 increased serum vitamin D 3 on d 100 of gestation (linear, P = 0.001), after farrowing (linear, P = 0.001), and at weaning (quadratic, P = 0.035). Also, sows fed the diets with 2,000 or 9,600 IU of vitamin D 3 /kg had greater serum vitamin D 3 concentrations on d 100 of gestation (P < 0.006), after farrowing (P < 0.020), and at weaning (P = 0.001) compared with sows fed 25(OH)D 3 . Sows fed diets containing 800 IU of vitamin D 3 /kg tended to have greater (P = 0.063) serum vitamin D 3 concentrations at weaning compared with sows fed diets with 50 µg/kg of 25(OH)D 3 . Serum vitamin D 3 is typically much more variable than 25(OH)D 3 since it will increase rapidly after exposure (either in the diet or through the skin) and will be cleared from circulation by the liver or storage tissue within hours. Also, the vitamin D binding protein, which accompanies vitamin D metabolites in circulation, has a much lower affinity for vitamin D 3 compared with 25(OH)D 3 (Institute of Medicine, 2011). In the current study, it is understandable that increasing dietary vitamin D 3 led to increased serum concentrations of the nutrient. Additionally, because of less vitamin D 3 exposure of sows fed 25(OH) D 3 , it is justified that their serum vitamin D 3 was lower than that of sows fed vitamin D 3 . There was a tendency (P = 0.052) for a treatment × day interaction for sow serum α-tocopherol concentrations because serum α-tocopherol was similar across maternal treatments on d 0 of gestation and after farrowing, but on d 100 of gestation increasing vitamin D 3 supplementation decreased (quadratic, P = 0.007) serum α-tocopherol concentrations. Additionally, on d 100 of gestation, serum α-tocopherol tended (P < 0.081) to be greater for sows fed 800 or 9,600 IU of vitamin D 3 /kg compared with sows fed 50 µg of 25(OH)D 3 /kg. These differences observed in serum α-tocopherol were unexpected since all diets were formulated to contain similar concentrations of vitamin E (66 IU/kg of diet), resulting in a daily intake of 165 IU of vitamin E. Additionally, 1 In total 112 sows and their subsequent litters were used to evaluate the effects of maternal vitamin D supplementation on fetal muscle development. For all litters larger than 6 pigs, 1 pig per litter (the male piglet closest to the mean BW within 24 h of birth) was euthanized for muscle fiber identification.
2 Cross-sectional area of the whole muscle.
3 Average cross-sectional area of all muscle fibers.
4 Average cross-sectional area of a representative sample of primary muscle fibers.
5 Average cross-sectional area of a representative sample of secondary muscle fibers.
6 Total muscle fiber number is calculated as the whole muscle area divided by the average muscle fiber cross-sectional area of all muscle fibers.
7 Total primary muscle fiber number was calculated as the percentage of primary fibers × total fiber number.
8 Total secondary muscle fiber number was calculated as the percentage of secondary fibers × total fiber number. 9 The average number of secondary muscle fibers per primary muscle fiber. there are no previous data that have evaluated a vitamin E and vitamin D interaction in livestock diets. However, Goncalves et al. (2015) concluded that there is the potential for common absorption pathways for vitamin D and E since increasing vitamin D uptake resulted in decreased vitamin E uptake in human epithelial colorectal adenocarcinoma cells (Caco-2) in vitro cells. At weaning, there was a tendency (quadratic, P = 0.077) for sows fed increasing vitamin D 3 to have increasing serum α-tocopherol. This tendency for increased serum α-tocopherol may be the result of increased lactation feed intake observed for sows fed 2,000 IU of vitamin D 3 /kg. On the basis of lactation feed intake, sows consuming diets with 2,000 IU of vitamin D 3 /kg had vitamin E intakes of approximately 390 IU/d, compared with sows fed either 800 or 9,600 IU of vitamin D 3 /kg, which had vitamin E intakes of approximately 350 IU/d. A treatment × day interaction (P = 0.001) for sow serum retinol was observed because serum retinol was similar regardless of maternal vitamin D treatment on d 0 and 100 of gestation; however, after farrowing, sows fed 9,600 IU of vitamin D 3 /kg tended (P = 0.089) to have less serum retinol compared with sows fed 50 µg of 25(OH)D 3 /kg. In addition, sows fed increasing levels of vitamin D 3 had increased (quadratic, P = 0.001) serum retinol concentrations at weaning. Sows fed diets with 2,000 IU of vitamin D 3 /kg had greater (P = 0.006) serum retinol compared with sows fed 50 µg of 25(OH) D 3 /kg at weaning. Again, this increase in serum retinol at weaning was likely the result of increased vitamin A intake for sows fed the diets with 2,000 IU of vitamin D 3 / kg because of the increase in lactation feed intake. Sows consuming diets with 2,000 IU of vitamin D 3 consumed approximately 6,500 IU of vitamin A/D compared with sows fed 800 IU of vitamin D 3 /kg (approximate vitamin A intake of 5,900 IU/d), sows fed 9,600 IU of vitamin D 3 /kg (approximate vitamin A intake of 5,800 IU/d), and sows fed 50 µg of 25(OH)D 3 /kg (approximate vitamin A intake of 6,225 IU/d). Little information has been reported on the interactions of vitamin A and vitamin D. Abawi and Sullivan (1989) concluded that supplying higher supplemental levels of vitamin D helped improve performance in broilers supplemented high levels of vitamin A and E. Also, Payne and Manston (1967) Table 7 ) because increasing maternal dietary vitamin D 3 increased (linear, P < 0.001) piglet serum 25(OH)D 3 at birth and at weaning (quadratic, P = 0.033), with a greater magnitude of increase occurring at weaning. This observation agrees with reports from Flohr et al. (2014) , who found that increasing maternal vitamin D 3 supplementation from 1,500 to 6,000 IU/kg of diet increased subsequent piglet serum 25(OH)D 3 throughout lactation. Also, in the current study, piglets from sows fed 25(OH)D 3 had greater (P < 0.011) serum 25(OH)D 3 compared with piglets from sows fed 800 or 2,000 IU of vitamin D 3 /kg at birth; however, at weaning, piglets from sows fed 50 µg of 25(OH)D 3 /kg had similar serum 25(OH)D 3 compared with piglets from sows fed the 2,000 IU of vitamin D 3 / kg and greater (P = 0.001) serum 25(OH)D 3 concentrations compared with piglets from sows fed 800 IU of vitamin D 3 /kg. Additionally, piglets from sows fed 9,600 IU of vitamin D 3 /kg had increased (P = 0.001) serum 25(OH)D 3 at birth and weaning compared with piglets from sows fed 50 µg/kg of 25(OH)D 3 /kg.
Previous reports from Coffey et al. (2012) and Witschi et al. (2011) (Haddad et al., 1971) . The current data agree with previous reports and are the first to show a maternal dietary vitamin D 3 supplementation rate that provided a larger serum 25(OH)D 3 response in piglets compared with piglets from sows supplemented 50 μg of 25(OH)D 3 . Human research has shown that the transfer of vitamin D metabolites into breast milk is limited (Hollis and Wagner, 2004) . Flohr et al. (2014) concluded that increasing supplementation of vitamin D 3 led to increasing milk vitamin D 3 concentrations throughout a 21-d lactation period when milk samples were taken immediately after parturition (colostrum), on d 10, and at weaning. Clements and Fraser (1988) The majority of piglet serum vitamin D 3 samples were below the laboratory detectable limit of 1.00 ng/mL, which was expected because of the quick clearance of vitamin D 3 from circulation. Samples below that threshold (144 out of 192) were not included in the statistical analysis; therefore, the results were summarized as the percentage of samples that were above the lowest detectable limit, and then the average serum concentration of the detectable samples was calculated. Only 54.2% of pigs from sows fed 9,600 IU of vitamin D 3 /kg exhibited serum vitamin D 3 concentrations above the detectable limit, with mean serum concentrations of 1.7 ng/mL. Increasing maternal dietary vitamin D 3 increased (quadratic, P = 0.001) the percentage of pigs with serum vitamin D 3 concentrations above the detectable limit, and greater percentages of pigs from sows fed 2,000 or 9,600 IU of vitamin D 3 /kg had serum vitamin D 3 concentrations (P < 0.001) above the detectable limit compared with pigs from sows fed 50 µg of 25(OH)D 3 /kg.
Piglet serum α-tocopherol was similar after birth and at weaning regardless of vitamin D maternal treatment. A tendency (P = 0.065) for a treatment × day interaction for piglet serum retinol was observed because at birth piglet serum retinol was reduced (quadratic, P = 0.031) with increasing maternal vitamin D 3 , and piglets from sows fed diets with a medium level of vitamin D 3 had lower (P = 0.038) serum retinol compared with piglets from sows fed 25(OH)D 3 ; however, by weaning, serum retinol was similar regardless of maternal vitamin D treatment. These differences in serum retinol in piglets at birth were unexpected and may be due to piglets from sows fed the medium level of vitamin D 3 having lower serum retinol in later gestation, although it is unclear why this would have occurred.
Percentage bone ash for second ribs and femurs from pigs euthanized after birth was similar regardless of vitamin D treatment. Similarly, Flohr et al. (2014) observed no impact of increasing maternal vitamin D 3 concentration (1,500 to 6,000 IU/kg of diet) on the bone ash percentage of neonates when maternal vitamin D 3 was above the animal's requirement. Alternatively, Rortvedt and Crenshaw (2012) clearly demonstrated the impact of maternal vitamin D deficiency on subsequent pig kyphosis; however, visual impacts of maternal deficiency were not observed until after weaning. A previous study with rat (Johnson et al., 1996) fetuses detected vitamin D receptor within fetal tissues prior to ossification, alluding to the functional role of vitamin D in the proliferation and differentiation of chondrocytes in skeletal tissue. In the current study, the maternal vitamin D supplementation concentrations were well above those needed to induce a vitamin D deficiency in sows.
Neonatal Muscle Characteristics
Previous research by Hines et al. (2013) concluded that replacing 80% (2,000 IU of the total 2,500 IU/kg of diet) of the vitamin D 3 supplemented to gestating gilts with 25(OH)D 3 increased the maternal vitamin D status and in turn altered fetal muscle development. The authors observed an increase in the number of skeletal muscle fibers and Pax7 (satellite cells) + myoblasts in the LM of fetuses collected on d 90 of gestation. Additionally, after isolating and culturing myoblasts from the semitendinosus muscle, the satellite cells from fetuses of gilts supplemented 25(OH)D 3 had a higher proportion of cells in the proliferation stage 96 h postplating, which suggests increased hyperplasia of myoblasts. These conclusions suggest that vitamin D status of the dam can alter fetal skeletal muscle development with positive changes resulting from the use of 25(OH)D 3 compared with vitamin D 3 itself. Previous work in poultry has elicited similar results (Giuliani and Boland, 1984) and has shown that exogenous addition of 1,25-OH2-D 3 to primary cultures of embryonic chick myoblasts stimulated proliferation and differentiation. In the current study, a subsample of pigs was euthanized to obtain longissimus thoracis (lt) and semitendinosus (St) whole-muscle cross sections for immunohistochemistry to characterize potential development differences among maternal vitamin D treatments. Although Pax7+ myoblasts within muscles were not quantified in the current study, we hypothesized that neonatal muscle samples of pigs born from sows fed the 25(OH)D 3 compared with those from sows fed 800 or 2,000 IU of vitamin D 3 /kg would have an increased number of muscle fibers. Additionally, if vitamin D status were the reason for the change in fetal muscle fiber numbers, then muscle samples from pigs born from sows fed 9,600 IU of vitamin D 3 /kg should be similar to the fiber numbers from muscles of pigs born from sows fed 50 µg of 25(OH)D 3 /kg of diet.
Results from the current study showed that wholemuscle areas of the LT and ST were similar regardless of maternal vitamin D treatment (Table 8) . Maternal vitamin D treatment did not influence ST average muscle fiber cross-sectional area (cSA), but LT average muscle fiber CSA tended (P = 0.057) to be greater for piglets from sows fed 25(OH)D 3 compared with piglets from sows fed 9,600 IU of vitamin D 3 /kg. Average primary muscle fiber CSA was similar for the LT regardless of maternal vitamin D treatment; however, primary muscle fiber CSA for the ST was greater (P = 0.031) for piglets from sows fed 25(OH)D 3 compared with piglets from sows fed 9,600 IU of vitamin D 3 /kg. Secondary muscle fiber CSA for the ST was not influenced by maternal vitamin D treatments, but LT secondary muscle fiber CSA tended to be greater (P = 0.070) for piglets from sows fed 25(OH)D 3 compared with piglets from sows fed 9,600 IU of vitamin D 3 /kg. Total fiber number, primary fiber number, and secondary fiber number for LT and ST muscles were not influenced by maternal dietary vitamin D treatment. The LT secondary to primary fiber ratio was lower (P = 0.035) for piglets from sows fed 25(OH)D 3 compared with piglets from sows fed 9,600 IU of vitamin D 3 /kg; however, maternal dietary vitamin D treatment did not influence ST secondary to primary muscle fiber ratio.
The results herein contradict those previously reported by Hines et al. (2013) 
